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We propose novel bosonic Technicolor models augmented by an SU(2)R gauge group and scalar
doublet. Dynamical breaking of SU(2)R induced by technifermion condensation triggers SU(2)L
breaking via a portal coupling. The scale of the new strong interactions is as high as that of composite
Higgs models, and the vacuum stability challenge confronting ordinary bosonic Technicolor models is
avoided. Thermal or asymmetric dark matter, whose stability is ensured by a U(1)TB technibaryon
symmetry, can be realized. In the latter case, the correct relic density can be reproduced for a wide
range of dark matter mass via leptogenesis.
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INTRODUCTION
Extensions of Technicolor (TC) [1, 2] and Composite
Higgs (CH) [3] models with dynamical SM fermion mass
generations are challenging and complex [4–7].
In bosonic Technicolor (bTC) [8–11] and partially com-
posite Higgs (pCH) [3, 12, 13] models, the dynamical
fermion condensates are instead coupled to an elemen-
tary SU(2)L scalar doublet HL via Yukawa interactions.
SM fermion masses are generated via four-fermion oper-
ators by integrating out HL [8] or via an induced vacuum
expectation value (vev) of HL [3]. In the latter case the
electroweak (EW) boson masses originate from both the
fermion condensate and the vev. As a result, the EW
scale is vEW = (v
2
L + f
2 sin2 θ)1/2 = 246 GeV where vL is
the vev of HL, f is the Goldstone-boson decay constant
of the composite sector, and the angle θ parameterizes
the vacuum misalignment with sin θ = 1 being bTC.
In bTC the scale f is therefore below the EW scale such
that new resonances from the strong dynamics can sig-
nificantly modify EW precision observables and hence be
severely constrained [14, 15]. Furthermore, in bTC mod-
els the Higgs quartic coupling at the EW scale is typically
smaller than that of the SM (due to additional bTC con-
tributions to the Higgs mass), but the top Yukawa cou-
pling becomes larger. These two effects combined will
usually turn the running quartic coupling negative below
the bTC cut-off scale, leading to an issue of low-scale vac-
uum instability [14]. These challenges can be alleviated
in pCH models because of the high compositeness scale
f [12, 16–18].
On the other hand, another motivation for TC and
bTC models was asymmetric technibaryon dark mat-
ter (DM), connecting the baryon and DM densities [19].
The lightest composite technibaryon is stable due to a
U(1)TB asymmetry associated with technibaryon num-
ber TB. Similar to the lepton and baryon numbers L and
B, TB is preserved up to anomalous SU(2)L sphalerons,
yielding a relation αL + βB + γTB = 0, where the co-
efficients depend on particles involved in the sphalerons.
In this case, sphalerons can transfer asymmetry among
L, B and TB [20]. But in the (p)CH models the vacuum
explicitly breaks the U(1)TB symmetry.
In this work, we propose a new class of bTC
models, denoted by RbTC, with an augmented EW
sector SU(2)L × SU(2)R × U(1)Y ′ in addition to
the the strongly-interacting gauge group GTC . An
SU(2)R doublet HR is introduced and couples to tech-
nifermions (charged under GTC and SU(2)R), the con-
densation of which induces a vev of HR, breaking the
SU(2)R symmetry. Then via a portal coupling −λLR
(H†LHL)(H
†
RHR), a negative mass for HL (identified as
the SM Higgs doublet) is generated, breaking the SU(2)L
symmetry. All in all, we have
SU(2)L × SU(2)R × U(1)Y ′ f,vR−−−→ SU(2)L × U(1)Y
vL=vEW−−−−−→ U(1)Q . (1)
Different from conventional bTC models, where tech-
nifermions couple directly to HL and thus can modify
EW observables significantly because of f < vEW, in
RbTC the scale f is not directly related to vL and can
be above TeV: vL(= vEW) < vR < f in regions of inter-
est. Furthermore, contrary to the positive contribution
from technifermions to the SM Higgs mass in bTC, the
SM Higgs boson receives a negative mass contribution
via the portal coupling and mixes with the neutral com-
ponent of HR, leading to a larger quartic coupling and
a smaller top-quark Yukawa coupling. Consequently, the
issue of vacuum instability is solved.
The RbTC vacuum still preserves a global U(1)TB
symmetry and the lightest composite state of tech-
nifermions charged under this U(1)TB can be electri-
cally neutral and therefore a DM candidate. If SM
fermions are also charged under SU(2)R, the sphalerons
of SU(2)L,R can transfer asymmetry among L, B and
TB. As we shall see below both thermal DM and asym-
metric DM (ADM) candidates arise in the RbTC frame-
work.
RBTC MODELS FOR SU(2)L × SU(2)R × U(1)Y ′
The SM gauge group is extended with an SU(2)R and
a strongly-coupled GTC gauge groups,
SU(3)QCD ×GTC × SU(2)L × SU(2)R × U(1)Y ′ , (2)
where the SM hypercharge is given by Y = T 3R + Y
′. We
restrict to minimal TC sectors with an SU(2)R doublet
(CR, SR) in the representationR under GTC and SU(2)R
singlets C˜R, S˜R in the conjugated representation. The
global symmetry in the TC sector is SU(2) × SU(2) ×
U(1)TB if R is complex and is enlarged to SU(4), acting
on the vector Q consisting of four Weyl spinors Q =
(CR, SR, C˜R, S˜R), if R is (pseudo-)real.
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2By virtue of minimality, we choose GTC = SU(2)TC .
In the first model discussed below, R is the pseudo-
real fundamental representation of SU(2)TC . In the sec-
ond model, R is the real adjoint representation under
SU(2)TC . It is straightforward to generalize to other
(pseudo-)real or complex representations.
In the pseudo-real and real R, the condensation of
〈QTi Qj〉 is a linear combination of SU(2)R-breaking vac-
uum EB∓ (so-called TC vacuum) and SU(2)R-preserving
one E−: E = sin θEB− + cos θE− with
EB∓ =
(
0 1
∓1 0
)
, E− =
(
iσ2 0
0 −iσ2
)
, (3)
where EB+ is for the real representation while EB− is
for the pseudo-real case. As DM stability is ensured by
U(1)TB which remains unbroken only under EB∓ , it is
paramount that θ = pi/2 is dynamically realized.
Model 1 - Thermal technibaryon DM
In this model, only the TC fermions and the HR dou-
blet are charged under the SU(2)R while the SM fields
including the HL doublet are gauged as in the SM. The
particle contents of interest are summarized in Table I.
The relevant Lagrangian describing the new strong sec-
SU(2)TC SU(2)L SU(2)R U(1)Y ′ U(1)TB
(CR, SR) R 1 0 1
C˜R R 1 1 -1/2 -1
S˜R R 1 1 +1/2 -1
HR 1 1 +1/2 0
HL 1 1 +1/2 0
TABLE I: Field contents and quantum numbers of the first
RbTC model for SU(2)L×SU(2)R×U(1)Y ′ electroweak sym-
metries. All of them are singlets under SU(3)QCD.
tor and the elementary doublets consist of three parts:
kinetic terms, Higgs potential and Yukawa couplings be-
tween Q and HR
LRbTC =Lkin − V (HR, HL) + LYCS . (4)
Below the condensation scale, ΛRbTC ∼ 4pif , the
global symmetry G breaks down to a subgroup H and
we parameterise the composite Goldstone bosons Πa in
the coset G/H by
Σ = exp
dim(G/H)∑
a=1
2
√
2 i
f
ΠaXa
E, (5)
where Xa are the broken generators. In our case, G =
SU(4) and H = Sp(4), SO(4) with dim(G/H) = 5, 9
for the pseudo-real and real representations, respectively.
The generators are listed explicitly in Appendix. In
terms of Σ and the gauge fields, the kinetic terms read
Lkin =f
2
8
Tr
[
(DµΣR)
†DµΣR
]
+ (DµHR)
†DµHR + (DµHL)†DµHL , (6)
where
DµΣR = ∂µΣR − i
(
GµΣR + ΣRG
T
µ
)
, (7)
containing the gauge fields
Gµ = gRW
i
µRT
i
R + gY ′B
′
µTY ′ , (8)
with
T iR =
1
2
(
σi 0
0 0
)
, TY ′ =
1
2
(
0 0
0 −σ3
)
, (9)
where i = (1, 2, 3) and σi are the Pauli matrices. Note
that T iR only act on the first two elements of Q, namely
(CR, SR), as they are embedded in the SU(2)R doublet.
For the covariant derivative of HL,R, it reads
DµP = ∂µ − i1
2
(
gPW
i
µPσi + gY ′B
′
µ
)
, (10)
where P = L,R. In light of the SU(2)L,R gauge symme-
try, the most general renormalizable potential of HL,R
is
V (HR, HL) =m
2
RH
†
RHR +m
2
LH
†
LHL + λR(H
†
RHR)
2
+ λL(H
†
LHL)
2 − λLRH†LHLH†RHR , (11)
where HA =
(
h+A
hA+ih˜A√
2
)T
with A = (L,R), and
λLR > 0. As mentioned above, the HL,R mixing term
with a negative coefficient can induce a vev of HL after
HR develops a vev, even if the HL has a positive mass
term, m2L > 0. Composite dynamics inducing a vev for
HL via a second scalar multiplet is also studied in a scale
invariant extension of the SM [21], where the additional
scalar is a singlet, rather than our SU(2)R doublet. Our
elementary scalar sector is instead similar to the Gauged
Two Higgs Doublet Model [22] where the vev of SU(2)L
is induced by a vev or condensation from another sector.
Finally, Yukawa couplings of Q to HR are included:
LYCS = −yC αβHRα(QTPβQ) + ySH∗Rα(QT P˜αQ) + h.c. ,
(12)
where α and β are the SU(2)L,R indices with 
αβ =
δα1δβ2− δα2δβ1, 2(Pα)ij = δiαδj3∓ δi3δjα and 2(P˜α)ij =
δiαδj4 ∓ δi4δjα [17]. The − (+) sign corresponds to
pseudo-real (real) representations of R. It is clear that
the condensation results in a linear term in HR, implying
a nonzero vev of HR and thus breaking SU(2)R regard-
less of the mass term m2R. Below the condensation scale,
the interactions lead to an effective potential [13]
V 0eff =4pif
3Z2
(
yC
αβHRα Tr
[
PβΣ
T
]
+ ySH˜
∗
Rα Tr
[
P˜αΣ
T
]
+h.c.) , (13)
where Z2 is a non-perturbative O(1) constant [23]. For
simplicity, we set yC = yS ≡ yCS/2.
So far, the scalar potential contains two components:
V (HL, HR) and contributions from the previous Yukawa
coupling. However, due to the fact the SU(2)R×U(1)Y ′
3gauge symmetry explicitly breaks the global symmetry
group SU(4), there exists another contribution to the
effective potential which can destabilize the TC vac-
uum [24, 25]. The corresponding gauge contribution is
V 1−loopeff ⊃ −
1
2
C˜gZ
2
2f
4c2θ, (14)
with C˜g ≡ Cg(3g2R + g2Y ′) for the pseudo-real representa-
tion and C˜g = 0 for the real one. The Cg is a loop factor,
assumed to be of O(1) here. In the following compu-
tation on minimization and Higgs masses, we study the
pseudo-real case but results of the real R can be obtained
simply by EB− → EB+ . The total effective scalar poten-
tial becomes
Veff =− 4
√
2pif3Z2 yCS sinθ hR − 1
2
C˜gZ
2
2f
4c2θ + V (hR, hL) ,
(15)
where the expression is written in terms of real, neutral
components of the doublets, hL,R.
The condition of the vacuum being a minimum is the
vanishing of the first derivatives ∂Veff/∂xi with respec-
tive to xi = hL, hR, and θ, evaluated at (vL, vR, pi/2),
respectively. It yields
2vR
(
m2R + λRv
2
R
)
= 8
√
2pi yCSZ2f
3 + λLRv
2
LvR
m2L + λLv
2
L =
1
2
λLRv
2
R , (16)
while 0 = ∂Veff/∂θ|θ=pi/2 is automatically satisfied.
Moreover, this minimum is stable if eigenvalues of
the matrix of the second derivatives (the Hessian)
∂Veff/∂xi∂xj are positive and if the potential is bounded
from below for large field values in all directions (e.g.,
Ref. [26]). In addition, for the minimum to be the TC
vacuum we require sθ = 1, which is non-trivial for the
pseudo-real representations. All in all, we have the fol-
lowing constraints
4
√
2pi yCS vR > C˜gZ2f , λL > 0 ,
4λR + 8
√
2pi yCSZ2
f3
v3R
>
λ2LR
λL
, 4λLλR > λ
2
LR , (17)
where the first criterion ensures θ = pi/2 is a stable min-
imum, i.e., the TC vacuum with unbroken U(1)TB.
The mass matrix of the CP-even scalars hL,R is
M2h =
(
2λLv
2
L −λLRvLvR−λLRvLvR M2
)
(18)
where M2 = 4
√
2piZ2yCS
f3
vR
+ 2λRv
2
R, and 2λLv
2
L would
be the SM Higgs mass expression given vL = 246 GeV
with λL = 0.13. The resulting mass eigenstates are
h1 = cαhL + sαhR, h2 = sαhL − cαhR, (19)
with
t2α =
2λLRvLvR
M2 − 2λLv2L
. (20)
In the limit of small α, the masses of h1,2 are
m2h1 ' 2λLv2L −
t2α
2
λLRvLvR, m
2
h2 'M2 , (21)
where h1 is identified as the 125 GeV Higgs boson. There-
fore, the value of λL is larger than that of the SM in order
to compensate the negative contribution from the mix-
ing, while the Higgs-fermion and Higgs-gauge couplings
are reduced by a factor of cα. In this case, a very SM-like
Higgs boson and vacuum stability to a high scale is easily
attained unlike ordinary bTC models.
In Fig. 1, assuming (vL, vR, f , λR, yCS , sα)
=(246 GeV, 3 TeV, 5 TeV, 0.5, 1, < 0.05), the pur-
ple region satisfies Eq. (17) and mh1 = 125 GeV. The
blue region is further constrained by m2L,m
2
R > 0. That
is, both SU(2)R and SU(2)L symmetry breaking are in-
duced by strong dynamics. In the two regions, the value
of λL can be much larger than the SM value marked by
the red dashed line.
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FIG. 1: The purple region of the λL-λLR plane satisfies
the vacuum stability constraints in Eq. (17) and reproduces
a 125 GeV SM-like Higgs. The blue subregion further sat-
isfies m2L,m
2
R > 0 such that both the SU(2)R and SU(2)L
symmetries are dynamically broken.
The Goldstone bosons h±L and h˜L are eaten by the
W±, Z bosons, and the masses of the gauge bosons are
the exactly same as in the SM at tree level since vL =
vEW. On the other hand, as can be seen from Eq. (6) the
SU(2)R W
±
R and ZR absorb linear combinations of h
±
R,
h˜R and Π1,2,3 and become massive:
m2
W±R
=
g2R
4
(f2 + v2R) ,m
2
ZR =
g2R + g
2
Y ′
4
(f2 + v2R) .
(22)
The identification of absorbed Goldstone bosons, the
mass spectrum of physical scalars, and the mixing be-
tween the neutral gauge bosons are discussed in Ap-
pendix.
To demonstrate that the correct DM relic density can
be obtained, we study the DM annihilation cross-section
in the pseudo-real R. The DM candidate is the neutral
complex Goldstone boson carrying a U(1)TB charge of 2
ΠCS ≡ (Π4 − iΠ5)/
√
2 . (23)
It receives a mass from gauge interactions and the
Yukawa interaction in Eq. (13)
m2ΠCS = −
3
(
3g2R + g
2
Y ′
)
64pi2
m˜2 + 4
√
2piZ2yCSfvR , (24)
4where m˜ is O(f) [24, 27].
The kinetic term in Eq. (6) gives rise to a con-
tact interaction of ΠCD with the SU(2)R gauge bosons:
−(g2R/2)W+RµW− νR ΠCSΠ¯CS , implying the DM annihila-
tion cross-section is
〈σv〉 ≈ g
4
R
256pim2ΠCS
(
8t2 − 12t+ 9) , (25)
where t = m2ΠCS/m
2
WR
. The desired cross-section of 3×
10−26cm3/sec for the correct DM density can be easily
attained, given gR ∼ O(1) and mΠ & mWR ∼ TeV.
Model 2 - asymmetric technibaryon DM
In this model, the SM right-handed charged leptons `R
and additional right-handed neutrinos νR form SU(2)R
doublets, lR = (να `α)
T
R with α = (e, µ, τ). The par-
ticle contents and quantum numbers are summarized in
Table II. The technifermions are in the adjoint represen-
tation and the model is free from the gauge and Witten
anomalies.
SU(3)QCD SU(2)TC SU(2)L SU(2)R U(1)Y ′
qL 1 1 +1/6
uR 1 1 1 +2/3
dR 1 1 1 −1/3
lL 1 1 1 −1/2
lR 1 1 1 −1/2
(CR, SR) 1 Adj 1 1/2
C˜R 1 Adj 1 1 -1
S˜R 1 Adj 1 1 0
N0 (N±) 1 1 1 1 0 (±1)
HR 1 1 1 +1/2
HL 1 1 1 +1/2
TABLE II: Field contents and quantum numbers of the sec-
ond RbTC model. The U(1)TB charge assignment of tech-
nifermions is the same as in Table I.
The quarks obtain masses via Yukawa couplings of HL,
analogous to the SM. In contrast, lepton masses and
couplings to the Higgs h1 are realized via Yukawa cou-
plings with new charged and neutral vector-like massive
fermions, N± and N0, respectively:
LYuk =− yLlLH˜LN0 − yRlRH˜RN0
− y′LlLHLN− − y′RlRHRN− + h.c.,
(26)
where the flavor indices are suppressed and H˜ = H∗.
By integrating out the heavy N± and N0 fermions, one
obtains the lepton masses:
m` =
|y′Ly′R|
2m±N
vLvR , mν =
|yLyR|
2m0N
vLvR . (27)
Since m`,ν  vL, m±N and m0N can be much larger than
vR, given O(y′(L,R)) ∼ 1, which justifies integrating out
N± and N0.
If both the SU(2)L and SU(2)R sphalerons are in equi-
librium at temperatures T > f , one has:
LL +B = 0 , LR +
1
2
TB = 0, (28)
where
LL(R) =
∑
e,µ,τ
2µlL(R) , B = 3 (2µqL + µuR + µdR) ,
TB =
3
2
(
µCR + µSR − µC˜R − µS˜R
)
, (29)
refer to asymmetries in the lepton, baryon and TC sec-
tors, respectively.
After taking into account the sphalerons, Yukawa in-
teractions and U(1)Y ′ neutrality conditions with µW =
µWR = 0, all potentials can be rewritten in terms of
two unconstrained chemical potentials, chosen to be µlL
and µlR . That is the reason why both LL and LR are
needed in Eq. (28). As demonstrated in Appendix, the
final TB and B have different dependence on the initial
values (denoted by the superscript i)
B =
2
5
(
Bi − LiL
)
, TB =
1
3
(
TBi − 2LiR
)
, (30)
implying that final B and TB can be uncorrelated. To
generate an initial asymmetry, one can resort to lepto-
genesis [28] by having N0 be a Majorana fermion (in-
stead of being vector-like) and decay asymmetrically and
out of equilibrium into both lL + HL (L
i
L 6= 0) and
lR+HR (L
i
R 6= 0). The asymmetries are controlled by the
Yukawa couplings yL and yR in Eq. (26), respectively. In
this case, one can obtain the correct relic density of ADM
for any mass by adjusting yR. In contrast, to achieve the
correct relic density in simple TC scenarios, one usually
has to rely on the Boltzmann suppression to reduce the
number density of heavy ADM, given µB ∼ µTB [20].
CONCLUSIONS
We have proposed a novel class of extended bTC mod-
els, featuring SU(2)L×SU(2)R×U(1)Y ′ EW symmetry
with an SU(2)R doublet and an SU(2)L doublet scalars,
identified as the SM Higgs doublet. The technifermions
are charged only under the SU(2)R × U(1)Y ′ and the
condensation triggers SU(2)R breaking, which in turn
renders SU(2)L symmetry broken. In this scenario, the
compositeness scale is much larger than the EW scale,
and the Higgs quartic coupling can be much larger than
the SM value. That implies the models do not suffer from
the problems of vacuum stability which plague ordinary
bTC models.
In this framework we obtain DM candidates whose sta-
bility is ensured by an unbroken U(1)TB symmetry. In
the first model we considered where the SM fermions are
not gauged under SU(2)R, the DM relic density can be
thermal. In the second model where the SM leptons are
also charged under SU(2)R, the SU(2)L,R sphalerons can
transfer particle asymmetries among leptons, baryons
5and technifermions. Asymmetric DM can then be re-
alized via leptogenesis.
Finally we briefly comment on constraints from DM
direct detection and collider Z ′ resonance searches. In
Model 1, the DM candidate is a pure singlet under all
gauge groups. Hence, it couples to SM fermions only
through the small HL-HR mixing and in turn is sup-
pressed. By contrast, in Model 2 both the DM can-
didate and SM fermions couple to the heavy neutral
boson Z ′, leading to DM-nucleon interactions (domi-
nated by the proton) that can be approximated as σ ≈
18(g2
Y ′−g′2)2
pig4
Y ′
µ2
(f2+v2R)
2 , where µ is the DM-nucleon reduced
mass and g′ is the SM U(1)Y coupling. The latest
XENON1T result [29] implies
√
f2 + v2R . 15 TeV, de-
pending on the DM mass. It implies the Z ′ is heavier
than 5 TeV, assuming gR ∼ gL. Therefore by satisfying
the direct search bound the model also avoids the con-
straints from latest di-lepton resonance searches [30] that
are relevant as Z ′ couples to both SM quarks and lep-
tons. In addition, the experimental bounds also require
the DM mass to be heavier than TeV since the mass is
proportional to f and vR as shown in Eqs. (24) and (44).
Lastly, the large Higgs quartic coupling can be tested
in next-generation colliders and in the second model, the
SU(2)R and DM particles can be potentially probed by
future e+e− colliders, such as ILC [31], FCC-ee (formerly
known as TLEP [32]) and CEPC [33]. We leave for
future work detailed phenomenology studies as well as
other possible charge assignments of SM fermions under
SU(2)R and different strongly-interacting sectors.
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Appendix
SU(4)/Sp(4)
Here we explicitly give the SU(4) generators, e.g [34,
35] in terms of the Pauli matrices
σ1 =
(
0 1
1 0
)
, σ2 =
(
0 −i
i 0
)
, σ3 =
(
1 0
0 −1
)
,
(31)
and the 2-by-2 identity matrix, denoted by 1. The ten
unbroken operators with respect to the vev E− in Eq. (3)
are
S1,2,3 =
1
2
(
σ1,2,3 0
0 0
)
, S4,5,6 =
1
2
(
0 0
0 −σT1,2,3
)
,
S7,8,9 =
1
2
√
2
(
0 iσ1,2,3
−iσ1,2,3 0
)
, S10 =
1
2
√
2
(
0 1
1 0
)
,
(32)
while the five unbroken generators are
X ′1,3,4 =
1
2
√
2
(
0 σ3,1,2
σ3,1,2 0
)
, X ′2 =
1
2
√
2
(
0 i1
−i1 0
)
X ′5 =
1
2
√
2
(
1 0
0 −1
)
. (33)
In case of the vev of E = cos θE−+sin θEB− , the broken
generators become:
Xi = cos θX
′
i ∓
sin θ√
2
(Si − Si+3) , X4 = X ′4 ,
X5 = cos θX
′
5 − sin θS8 , (34)
where i = (1, 2, 3), the “−” sign for i = 1 and “+” for
i = (2, 3) in the first equation.
From the kinetic term in Eq. (6) and the definition
of Σ, we can identify the Goldstone bosons that are ab-
sorbed by the W±R and ZR through
L ⊃ gR
2
√
f2 + v2R
(
W+µR ∂µG
− + h.c.+
√
1 +
g2Y ′
g2R
ZµR∂µG
0
)
(35)
where
G± =
fΠ± ± ivRh±R√
f2 + v2R
, G0 =
−fΠ3 + vRh˜R√
f2 + v2R
, (36)
with Π± = (Π1 ± iΠ2) /
√
2. The corresponding physical
states are
S± =
vRΠ
± ∓ ifh±R√
f2 + v2R
, S0 =
vRΠ3 + fh˜R√
f2 + v2R
. (37)
Therefore, the remaining degrees of freedom in Πa are Π4
and Π5 which comprise DM, ΠCS in Eq. (23). Finally the
mass terms of the physical states of S± and S0 induced
by the Yukawa interactions in Eq. (13) read
m2S± = m
2
S0 = 4
√
2piyCSZ2
(
2f2 + v2R
f2 + v2R
)
fvR . (38)
SU(4)/SO(4)
The six unbroken generators under the vev of EB+ are,
e.g. [36, 37]
Si =
1
2
√
2
(
σi 0
0 −σTi
)
, S5,6 =
1
2
√
2
(
0 B5,6
(B5,6)
†
0
)
,
(39)
where i = (1, 2, 3, 4) with σ4 = 1, B5 = σ2 and B6 = iσ2.
The nine broken generators are
X1,2,3 =
1
2
√
2
(
σ1,2,3 0
0 σT1,2,3
)
, Xi =
1
2
√
2
(
0 Di
(Di)
†
0
)
,
(40)
6where i = (4, . . . , 9) with D4 = 1, D5 = i1, D6 = σ3,
D7 = iσ3, D8 = σ1 and D9 = iσ1.
The combinations of Π1,2,3, h
±
R and h˜R absorbed by
W±R and ZR are
G± =
fΠ± ∓ ivRh±R√
f2 + v2R
, G0 =
−fΠ3 + vRh˜R√
f2 + v2R
, (41)
with Π± = (Π1 ∓ iΠ2) /
√
2. Note that there exist
sign differences on the equations between the Sp(4) and
SO(4) cases due to the different definitions of SU(4) op-
erators. The three uneaten states are
S± =
vRΠ
± ± ifh±R√
f2 + v2R
, S0 =
vRΠ3 + fh˜R√
f2 + v2R
, (42)
and also six degrees of freedom from Π4,...,9:
ΠCC =
Π4 + iΠ5 + (Π6 + iΠ7)
2
, ΠCS =
Π8 + iΠ9√
2
,
ΠSS =
Π4 + iΠ5 − (Π6 + iΠ7)
2
, Π∗SS , Π
∗
CC , Π
∗
CS ,
(43)
where all of them carry two units of U(1)TB charge and
ΠSS is the neutral DM candidate.
The mass contributions from the Yukawa interactions
to S± and S0 are exactly the same as the Sp(4) case
shown in Eq. (38). The other U(1)TB charged particles
have
m2CC = 4
√
2piyCSZ2fvR +
3
64pi2
(
g2R + 9g
2
Y ′
)
m˜2 ,
m2CS = 4
√
2piyCSZ2fvR +
3
64pi2
(
g2R + 3g
2
Y ′
)
m˜2 ,
m2SS = 4
√
2piyCSZ2fvR +
3
64pi2
(
g2R + g
2
Y ′
)
m˜2 , (44)
where m˜2 is O(f2) [24, 27]. Clearly, ΠSS is the lightest
one and hence the DM candidate.
Neutral gauge boson mixing and couplings to
fermions
The kinetic terms in Eq. (6) induces the mixing among
the neutral gauge bosons and the mass matrix reads
M20 =
1
4
g2Y ′ (f2 + v2R + v2L) −gY ′gLv2L −gY ′gR (f2 + v2R)−gY ′gLv2L g2Lv2L 0
−gY ′gR
(
f2 + v2R
)
0 g2R
(
f2 + v2R
)
 ,
(45)
in the basis of (B′,W 3L,W
3
R). That results in three mass
eigenstates: the massless photon, the SM Z and an ad-
ditional heavy neutral Z ′. In regions of interest where
vR and f are above the TeV scale (vL  vR, f), the Z
mass is the same as in the SM, m2Z ≈
(
g′2 + g2L
)
v2L/4,
and for Z ′ we have m2Z′ ≈
(
g′2 + g2R
) (
f2 + v2R
)
/4, where
1/g′2 = 1/g2Y ′ + 1/g
2
R with g
′ being the SM U(1)Y cou-
pling. Note that the fundamental and adjoint cases yield
the same matrix matrix.
One can diagonalize the matrix with a rotation matrix
R:
RTM20R (46)
which is the product of three rotation matrices R12, R13
and R23
R = R12(θ12) ·R13(θ13) ·R23(θ23), (47)
where[
Rij(θ)
]
αβ
= cos θ (δαiδβi + δαjδβj)
+ sin θ (δαiδβj − δαjδβi) + δαβ |ijα| , (48)
where ijα is the Levi-Civita symbol in three dimensions.
The three rotation angles are
tan θ12 =
g′
gL
, tan θ13 =
gY ′
gR
,
tan 2θ23 ≈ 2g2Y ′
√
g2Y ′g
2
R + g
2
L (g
2
Y ′ + g
2
R)
(g2Y ′ + g
2
R)
2
(
v2L
f2 + v2R
)
,
(49)
and the flavor and mass eigenstates are connected via the
mixing matrix R as (B′,W 3L,W 3R)Tα = Rαβ(γ, Z, Z ′)Tβ .
It is straightforward to show that, up to a small cor-
rection characterized by θ23, fermions couplings to γ and
Z are the same as in the SM that are determined by the
the electric charge Qf (≡ QY ′ + T 3L + T 3R) and the weak
iso-spin T 3L. On the other hand, the fermion coupling to
Z ′ is
(−g2Y ′QY ′ + g′2 (QY ′ + T 3R)) /√g2Y ′ − g′2.
Chemical equilibrium conditions
We here follow the formalism employed in Ref. [38] to
perform the analysis on the chemical potentials of equi-
librium above the phase transition scale. That is, the po-
tentials of W and WR are zero, and particles embedded
in an SU(2)L or SU(2)R doublet have the same chemical
potential, denoted by the potential of the doublet; e.g.,
µuL = µdL ≡ µqL .
Moreover, due to the CKM mixing matrix among
quark generations and the common origin of the lepton
mass in Eq. (26), chemical potentials are the same among
different generations. The Yukawa coupling interactions
imply
µqL + µHL − µuR = 0 , µqL − µHL − µdR = 0 ,
µlL − µHL + µuN+ = 0 , µlR − µHR + µuN+ = 0 ,
− µCR + µHR − µC˜R = 0 , µCR + µHR + µS˜R = 0 ,
(50)
7while the neutrality condition of U(1)Y charges dictates
0 =9
(
1
3
µqL +
2
3
µuR −
1
3
µdR
)
− 3 (µlL + µlR)
+ 3
(
µCR − µS˜R
)
+ 2 (µHL + µHR) + 2µN+ . (51)
Note that we do not take into account Yukawa interac-
tions of yL and yR in Eq. (26) as N
0 is assumed to be
heavy and the couplings are required to be small to real-
ize a neutrino mass of eV such that lL +HL ↔ lR +HR
mediated by N0 is not in equilibrium.
On the other hand, the SU(2)L,R sphalerons yields:
3µqL + µlL = 0 , µCR + µlR = 0 . (52)
In light of the above constraints, all chemical potentials
can be expressed as functions of two unconstrained chem-
ical potentials chosen to be µlL and µlR . From Eq. (29),
we can obtain the asymmetry of TB and L normalized
to that of B as
TB
B
=
3µlR
2µlL
,
L
B
=
LL + LR
B
= −3
2
(
1 +
µlR
µlL
)
(53)
with B = −4µlL .
Two conserved quantities, directions perpendicular to
SU(2)L,R sphalerons in Eq. (28), denoted as C1 and C2
are
C1 = −LL +B , C2 = −2LR + TB, (54)
which are invariant under two sphaleron processes. Thus,
one can express the two unconstrained parameters µlL
and µlR in terms of initial values of LL,R, B and TB by
C initial1,2 = C
final
1,2 . The final asymmetry reads
LL = −3
5
(
Bi − LiL
)
, LR = −1
3
(
TBi − 2LiR
)
,
B =
2
5
(
Bi − LiL
)
, TB =
1
3
(
TBi − 2LiR
)
, (55)
where the superscript i refers to the initial values and it
is clear that −LL +B and −2LR + TB are conserved.
Note that in the context of ADM, the ratio of the
number density of technibaryons (assuming a degener-
ate mass mTB) to baryons at temperature T is linked to
ratio of the chemical potentials as
YTB
YB
=
µTB
µB
ζ(
mTB
T
) . (56)
where the function ζ(z) is given by
ζ(z) =
6
pi2
ˆ ∞
z
dxx
√
x2 − z2 e
x
(ex − ηi)2
, (57)
with ηi = 1 (−1) for a boson (fermion). For a relativistic
boson (fermion) with z  1, we have ζ(z) ≈ 2 (1). In
case of mTB  mB and µTB ∼ µB , a large suppression
from ζ is needed to obtain comparable energy densities:
ΩTB ∼ ΩB .
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